ABSTRACT: A clear understanding of the factors controlling the deposition behavior of engineered nanoparticles (ENPs), such as quantum dots (QDs), is necessary for predicting their transport and fate in natural subsurface environments and in water filtration processes. A quartz crystal microbalance with dissipation monitoring (QCM-D) was used to study the effect of particle surface coatings and water chemistry on the deposition of commercial QDs onto Al 2 O 3 . Two carboxylated QDs (CdSe and CdTe) with different surface coatings were compared with two model nanoparticles: sulfate-functionalized (sPL) and carboxylmodified (cPL) polystyrene latex. Deposition rates were assessed over a range of ionic strengths (IS) in simple electrolyte (KCl) and in electrolyte supplemented with two organic molecules found in natural waters; namely, humic acid and rhamnolipid. The Al 2 O 3 collector used here is selected to be representative of oxide patches found on the surface of aquifer or filter grains. Deposition studies showed that ENP deposition rates on bare Al 2 O 3 generally decreased with increasing salt concentration, with the exception of the polyacrylic-acid (PAA) coated CdTe QD which exhibited unique deposition behavior due to changes in the conformation of the PAA coating. QD deposition rates on bare Al 2 O 3 were approximately 1 order of magnitude lower than those of the polystyrene latex nanoparticles, likely as a result of steric stabilization imparted by the QD surface coatings. Adsorption of humic acid or rhamnolipid on the Al 2 O 3 surface resulted in charge reversal of the collector and subsequent reduction in the deposition rates of all ENPs. Moreover, the ratio of the two QCM-D output parameters, frequency and dissipation, revealed key structural information of the ENP-collector interface; namely, on bare Al 2 O 3 , the latex particles were rigidly attached as compared to the more loosely attached QDs. This study emphasizes the importance of considering the nature of ENP coatings as well as organic molecule adsorption onto particle and collector surfaces to avoid underestimating ENP mobility in natural and engineered aquatic environments.
■ INTRODUCTION
Quantum dots (QDs) are engineered nanoparticles (ENPs) that exhibit fluorescent properties, which makes them attractive for applications in visual technologies, biomedical imaging, solar energy conversion, and information technology. 1−3 Major investments are now being targeted toward the industrial production of QDs and the rising demand of these ENPs will likely result in their increased presence in the environment. 4 Therefore, the potential toxicity and fate of these particles in the environment must be evaluated. 5−8 QDs are comprised of a metalloid core (e.g., CdTe, CdSe), a protective shell (CdS, ZnS) and, typically, a polymer or polyelectrolyte coating, which renders them stable in aqueous suspensions. 7 Yet, recent research suggests that there is a substantial risk of Cd 2+ , Te 2+ , or Se 2+ release from the QD core and subsequent toxicity. 5, 6 Other studies also suggest that their harmfulness can be enhanced by the polymer coatings used to encapsulate the QDs. 7, 8 The introduction of ENPs into the environment may occur via waste streams, and once released, the potential risks associated will be influenced by their transport and fate. 9 ENP transport in the subsurface aquatic environment or engineered water treatment facilities has been typically studied using packed columns, in water saturated granular porous matrices that are representative of the aquifer or deep-bed filter matrix. 10 Using this technique, few studies have addressed the transport and retention of QDs. 11−14 Whereas high mobility of QDs in packed columns with ultrapure quartz sand has been reported, 12−15 an enhanced retention in the presence of mineral heterogeneities has also been observed. 11, 13, 14 Overall, these studies have concluded that QD surface coatings and their potential degradation under natural conditions might play an important role in their transport and fate in the environment. However, the interaction of different ENPs with metal oxide patches (such as alumina) present on aquifer or filter grain surfaces has not been examined; particularly, in the presence of dissolved organic molecules (DOM).
DOM such as organic acids (e.g., fulvic and humic acids) and biosurfactants produced and secreted by microorganisms can be present in natural or engineered aquatic environments where they may adsorb onto collector or nanoparticle surfaces. 16, 17 Suwannee River humic acid (SRHA) is a model and well characterized type of organic acid, which consists of a mixture of polycyclic aromatic subfractions. Rhamnolipids are biosurfactants produced and released by Pseudomonas strains 17, 18 and consist of a rhamnose moiety and a 3-(hydroxyalkanoyloxy) alkanoic acid fatty acid tail. Both humic substances and rhamnolipids may influence the transport and fate of ENPs in aquatic environments when adsorbed on particle or collector surfaces. 16−20 For example, humic substances have been reported to stabilize polystyrene latex particles in aqueous media, 21, 22 and rhamnolipids have been shown to stabilize zerovalent iron and ZnS nanoparticles in aqueous suspensions 17, 18, 20 and prevent the deposition of zerovalent iron nanoparticles on silica. 20 Recently, the quartz crystal microbalance with dissipation monitoring (QCM-D) was introduced as a useful technique to study the deposition kinetics of ENPs onto various surfaces. 20,23−26 One advantage of using QCM-D is that this highly sensitive mass sensor (∼1 ng/cm 2 ) can be coated with mineral compositions commonly present in natural or engineered aquatic environments (e.g., SiO 2 , Fe 2 O 3 or Al 2 O 3 ). To the best of our knowledge, there are only two studies wherein QCM-D has been used to study the deposition kinetics of QDs. 25, 26 Park et al. 25 studied the retention of a carboxylated CdSe QD onto SiO 2 that had been modified with self-assembled monolayers having different end groups (e.g., −NH 2 , −CH 3 , −COOH). At different pHs (6−10), higher retention was observed on the surface modified with −NH 2 groups, reaching a maximum at pH ∼7.5. Moreover, it was shown that the interaction between the QD and the substrate followed a Langmuirian model. In a previous study, we showed that the deposition rate of a carboxylated CdTe QD onto SiO 2 increased with salt concentration and was significantly greater in the presence of divalent salt as compared to a monovalent salt. 26 However, at very high dissolved Ca 2+ concentrations, the CdTe QD experienced aggregation and the extent of deposition decreased due to lessened convective-diffusive particle transport to the SiO 2 surface.
To date, the deposition behavior of commercial QDs onto mineral surfaces other than SiO 2 and in the presence of dissolved organic molecules (DOM) remains unexplored. The objective of this work is to improve our understanding of the deposition behavior of QDs on chemically diverse model surfaces that may be encountered in natural or engineered aquatic environments. 27 To this end, a QCM-D was used to measure the deposition kinetics of two commercially available polymer-coated QDs onto bare Al 2 O 3 and a DOM-precoated Al 2 O 3 surface over a broad range of solution IS. The results are compared with two model ENPs of comparable particle size: polystyrene latex nanospheres functionalized with carboxylic (cPL) or sulfate groups (sPL). An appropriate physicochemical characterization of the particles and model collectors has been performed in all the cases.
■ MATERIALS AND METHODS
Preparation of ENP Suspensions. Two types of carboxylterminated QDs were used in this study: a CdTe/CdS QD (Vive Crop Protection, Catalog No. 18010 L) stabilized with a polyacrylic-acid (PAA) derivative and suspended in water, and a CdSe/ZnS QD (T2 MP-Evitags, from Evident Technologies) coated with poly-ethylene-glycol (PEG) and suspended in water. Results obtained with the QDs were compared against two model ENPs (surfactant free preparations): a carboxylfunctionalized (cPL) and a sulfate-functionalized (sPL) polystyrene latex nanosphere (Invitrogen). All ENPs were suspended in KCl (analytical reagent grade, Fisher) electrolyte (prepared with deionized water) over a range of IS (from 0.1 up to 500 mM in select cases) to final concentrations of 2 × 10 13 particles/mL, at an adjusted pH of 5 (using HCl or KOH). All ENP suspensions were stored for 12 h at 9°C prior to each deposition experiment and measurement of particle properties.
In experiments conducted to study the influence of DOM on nanoparticle deposition, two organic molecules were selected; namely SRHA and rhamnolipid (JBR215). SRHA (International Humic Substances Society) or JBR215 (Jeneil Biosurfactant Co.), which is a 10% mixture of the two rhamnolipids RLL (C 26 H 48 O 9 ) and RRLL (C 32 H 58 O 13 ), prepared at an equivalent concentration of 2 mg/L (expressed as total organic carbon), were used to precoat the Al 2 O 3 surface and to prepare ENP suspensions. The selected molecules are soluble in water due to their relatively low molecular weight; the SRHA is on the order of 1490 Da, 28 and the rhamnolipids RLL and RRLL are 504 and 650 Da, respectively (as reported by the vendor).
The hydrodynamic diameter of the PAA polyelectrolyte (0.8 mg/mL, Vive Crop Protection) used to stabilize the CdTe QD was also measured at different solution IS (1, 10, and 100 mM KCl) at the same concentration (4%) as that present in the CdTe QD suspensions.
Characterization of the ENPs. The general physicochemical properties of each ENP (namely, size and electrophoretic mobility) were characterized immediately prior to conducting QCM-D experiments. The nominal particle sizes reported by the vendors were: 10 nm for the CdTe QD, 25 nm for the CdSe QD, 24 nm for the cPL and 22 nm for the sPL. Hydrodynamic particle sizes and polydispersity indexes (PDI) of the different ENPs (and PAA alone) were determined by dynamic light scattering (DLS) (ZetaSizer Nano, Malvern) using at least three different samples of each suspension. The size of the QDs was also evaluated by transmission electron microscopy (TEM) for selected conditions (Phillips CM200). Samples were placed onto SiO Formvar grids (SPI Supplies), following the procedure described previously. 13 The electrophoretic mobility (EPM) of the ENPs at different IS was determined by measuring the velocity of the particles via Laser Doppler velocimetry (ZetaSizer Nano ZS, Malvern); each measurement was performed in triplicate using disposable capillary cells with an adjusted electrical field (E) between 5 and 10 ± 0.1 V/m.
Nanoparticle Deposition Experiments. ENP deposition rates on Al 2 O 3 -coated QCM sensors (QSX−309, Q-Sense AB, Gothenburg, Sweden) were measured using QCM-D (E4, QSense AB). The QCM-D measures deposited mass (Δm) in terms of a negative shift in resonance frequency (Δf) of an ATcut quartz crystal. In addition, dissipative energy losses (dissipation, D) induced by the adsorbed mass, are measured in terms of the crystal's oscillation decay time. Dissipation plays an essential role in the interpretation of molecular adsorption since it provides information about the mechanical and viscoelastic properties of the adsorbed film. 29 Rigidly adsorbed films express minimal dissipation, whereupon the frequency shift (−Δf n ) is linearly proportional to the adsorbed mass (Δm), as described by the Sauerbrey relationship:
Here, the mass sensitivity constant, C, is equal to 17.7 Hz·ng/ cm 2 for a 5 MHz crystal and n is the resonance overtone number. Note that the frequency shift obtained from QCM-D (Q-Sense) is already normalized, i.e., divided by the overtone number (n). Because −Δf n is proportional to the total change in mass (Δm) (eq 1), the rate at which frequency shift changes during a given time period (−f n_slope , eq 2) describes the rate at which mass is deposited on the Al 2 O 3 surface:
This approach has often been used in studies of ENP deposition and it relies on the interpretation of mass proposed by Sauerbrey for rigidly adsorbed films. 23, 24, 26, 30, 31 This is a valid assumption as long as the adsorbed mass causes low dispersion in the normalized frequency shifts between different overtones and/or the dissipation shift is small compared to the normalized frequency shift (i.e. the so-called ΔD n /Δf n ratio). 29 Whereas the manufacturer of QCM-D (Q-Sense) 32 suggests a −ΔD n /Δf n value of 1 × 10 −7 Hz −1 as the threshold below which Sauerbrey's interpretation still applies, Reviakine et al. 29 proposed a value of 4 × 10 −7 Hz −1 . Otherwise, when the dissipative energy losses are too large within the adsorbed film, the frequency shift is generally considered to underestimate the adsorbed mass. 29, 33, 34 Hence, in some cases, the rate at which dissipation changes in time (D n_slope ) has been used instead to monitor the deposition kinetics of colloidal particles. 20, 31, 35 In this study, the frequency and dissipation shifts were monitored at different overtones (n = 1, 3, 5...), but because the criteria for Sauerbrey interpretation (i.e., low dispersion in -Δf n /n) 29 is fulfilled; for the sake of clarity, only normalized frequency and dissipation of the third overtone are presented. The ENP deposition experiments were conducted according to the following steps and an illustrative measurement is shown in SI Figure S1a. First, particle-free electrolyte was allowed to flow through the QCM-D chamber until stable baselines of Δf 3 and ΔD 3 were established. Next, ENP suspensions were injected while Δf 3 and ΔD 3 were continuously recorded during the entire experiment. In experiments designed to study the effect of DOM, the surface was precoated prior to the injection of the ENP suspension, by injection of either SRHA or rhamnolipid solution (2 mg TOC/L) in 1 mM KCl. Adsorption of DOM onto the Al 2 O 3 -coated crystal shifted the resonance frequency by approximately 10 Hz (SI Figure S1b) which is equivalent to a layer thickness on the order of 1 nm. X-ray photoelectron spectroscopy (XPS) and streaming potential analyses of the coated crystals were used to confirm adsorption of DOM onto the Al 2 O 3 surfaces. Temperature and flow rates were kept constant throughout the duration of the experiment at 20°C and 100 μL/min, respectively. Each experiment was repeated using at least three different samples prepared on different days. After each experiment, the crystals, QCM-D chambers, and tubing were rinsed with 20 mL of 2% Hellmanex (Fisher Scientific) and 30 mL of DI. The crystals were further cleaned by soaking in 2% Hellmanex overnight, rinsed with DI, dried under N 2 and then exposed to UV/ozone treatment for 10 min prior to any additional measurement.
■ RESULTS AND DISCUSSION
Electrokinetic Characterization of ENPs and Collector Surfaces. The EPMs of the ENPs were evaluated over the entire range of solution chemistries (Table 1) . In KCl electrolyte, the QDs are less charged than the model ENPs (cPL, sPL). For example, for KCl concentrations between 0.1 and 100 mM, the highest absolute measured EPM for the QDs is 2.4 μm·cm/V·sec, whereas the lowest absolute value for the latex nanoparticles is 3.2 μm·cm/V·sec. Moreover, data in Table 1 show that the CdTe QD is less sensitive to changes in IS than the CdSe QD. For instance, when the salt concentration is varied from 0.1 to 100 mM KCl, the EPM of the CdTe QD varies between −2.4 and −1.8 μm·cm/V·sec. In contrast, the EPM of the CdSe QD varies by 5-fold within the same range of IS. Notably, the presence of DOM (i.e., SRHA, rhamnolipid) had a less important effect on the EPM of the QDs than that of the model latex nanoparticles (Table 1) . When EPM measurements are converted to zeta potential (SI Table S1 ), the obtained values are in qualitative agreement with previously published QD studies.
14,15,36 Zhang et al. 36 reported a decrease in the absolute zeta potential of a CdTe QD (from −30 to −20 mV) when the KCl concentration was increased from 1 to 100 mM (at pH 7). Likewise, within the same range of IS, Torkzaban et al.
14 reported a decrease in zeta potential from −45 to −35 mV for a carboxylated CdTe QD in NaCl at pH 8. Uyusur et al. 15 also observed a decrease in zeta potential with increasing solution IS for a polymer coated (octylamine with modified poly acrylic-acid) CdSe QD in NaCl at pH 6.5.
The electrokinetic properties of bare Al 2 O 3 and DOM-coated Al 2 O 3 were also assessed over the range of solution chemistries using a streaming potential analyzer 37 (EKA, Brookhaven Instruments, Holtsville, NY) (SI Table S2 ). Overall, an increase in IS has a screening effect in the zeta potential of the bare and DOM-coated collector surfaces. While on bare Al 2 O 3 , the zeta potential is positive (13−2 mV) at all conditions investigated, coating the surface with the selected organic molecules resulted in charge reversal (on the order of −27 to −13 mV for SRHA, and between −16 and −8 mV with rhamnolipid).
Particle Size. The mean ENP size at the different solution chemistries was measured using two methods: (i) dynamic light scattering (DLS) and (ii) transmission electron microscopy (TEM). The hydrodynamic diameters obtained by DLS at the different solution chemistries and in the absence/presence of DOM are presented in Table 1 . In KCl, at low IS, the particle size is on the order of 60 nm for the cPL and 55 nm for the sPL, and for both particles, aggregation is observed at high salt concentrations (100 mM for the sPL and 500 mM for the cPL), with corresponding larger values of the polydispersity index (PDI) (i.e., PDI > 0.5). Overall, the addition of DOM does not have a significant effect on the size of the latex nanoparticles. However, the addition of DOM resulted in decreased aggregation of the sPL at 100 mM IS.
Overall, the QD sizes obtained here are in agreement with other QD studies at comparable solution chemistries. 14, 15, 26 In general, the particle size for both QDs increases with the KCl concentration: the CdTe QD yields hydrodynamic diameters between 59 and 206 nm, whereas the size of the CdSe QD ranges between 163 and 370 nm. The measured hydrodynamic diameters of the QDs are larger than the particle sizes reported by the vendors, especially for the CdSe QD. This may be explained by partial degradation of the particle surface coatings and/or dissolution of Cd 2+ from the core of the QDs during the 12 h suspension equilibration phase. 38, 39 Changes in dissolved Cd 2+ during the 12 h equilibration period were measured by ICP-OES for suspensions prepared at 1 or 100 mM KCl (SI Table S3 ). Greater dissolution of Cd 2+ is observed at the higher IS. Because free Cd 2+ may contribute to particle bridging 38 via complexation with the polymers coating the particle surface, this would explain the larger QD sizes measured at high IS. Changes in QD fluorescence can also be an indication of degradation of the QD surface. 39 Significant decreases in fluorescence of the QDs were measured over the 12 h suspension equilibration period (SI Figure S2 ), pointing to a certain extent of degradation of the QD surface. Such degradation of the particle surface would also contribute to aggregation of the QD suspensions as a result of decreased electrosteric stabilization.
It is generally accepted that DOM can stabilize ENPs in suspension. 16, 17 However, noteworthy differences are observed in the effectiveness of each organic molecule in stabilizing the QDs used here within the range of IS examined; whereas the SRHA yields particle sizes on the same order of magnitude, the presence of rhamnolipid does not appear to effectively stabilize the CdSe QD at the higher IS examined (Table 1) . Humic substances have been reported to overcoat QDs improving their stability in aqueous suspensions. 40 However, the nature of the specific interactions between rhamnolipids and ENPs (i.e., QDs) are not fully understood yet, 18 and further studies are required to clarify them. Overall, the results shown here are in agreement with other studies of polymer-coated QDs in electrolyte supplemented with different DOM. 41, 42 The particle size and the state of aggregation of the QDs were further corroborated at selected conditions using TEM. SI Figure S3 shows representative images of the CdTe and CdSe QDs suspended in 1 mM and 100 mM KCl. For both QDs, the images show sizes that are larger than those reported by the vendors (i.e., 10 and 24 nm for the CdTe and CdSe QDs, respectively) even at low salt concentration (1 mM KCl, pH 5). TEM image analysis (using Image J software) was done on at least 150 particles in randomly selected images from three TEM grids. Images recorded at low IS reveal spherical and well dispersed ENPs (average nominal sizes of 29 ± 4 nm for the CdTe QD and 30 ± 20 nm for the CdSe QD). In comparison, at 100 mM KCl, particles of an average size of 67 ± 46 nm for the CdTe QD and 202 ± 172 nm for the CdSe QD are observed (Table 1) .
Deposition Kinetics of ENPs onto Bare Al 2 O 3 . Figure 1a presents the initial deposition kinetics of the polystyrene latex particles as evaluated from the change in the frequency shift with time (i.e., −f 3_slope ) during the first ∼1 min of particle deposition. The initial particle deposition rates (−f 3_slope ) for both polystyrene latex particles are greatest at the lowest IS examined and decrease significantly at the highest IS. These results are in qualitative agreement with the DLVO theory of colloidal stability 43, 44 for the interaction of negatively charged particles (cPL, sPL) with a positively charged bare Al 2 O 3 surface. These trends also agree with previous studies where colloid deposition onto oppositely charged collectors has been studied. [23] [24] [25] 45 However, there are some notable differences in the deposition behavior of the two model latex particles depending on the surface functional group. For instance, at the lowest IS (0.1 mM), the −f 3_slope is nearly twice as steep for sPL as for cPL. The sPL also seems more sensitive to changes in IS, as the −f 3_slope varied between 101 and 0.6 Hz/min, whereas the −f 3_slope of the cPL is on the order of 49 to 9.3 Hz/min. The observed significant decrease in the sPL and cPL particle deposition rate at the highest IS can also partially be attributed to a decrease in the convective-diffusive transport of particles toward the collector as a result of particle aggregation. 23, 26 In order to effectively compare the trends in deposition of the ENPs, we have converted the values of −f 3_slope to particle deposition rate (r d ) and normalized the values with respect to the theoretical particle deposition rate (r d SL ), as described previously. 26 The value of r d SL is obtained under the assumption that the deposition rate of the ENPs is by pure convectivediffusive transport. 10, 46 In theory, in the absence of repulsive or attractive electrostatic forces, the ratio r d /r d SL should approach unity. As expected, for both polystyrene latex particles, the ratio (r d /r d SL ) is greatest at the lowest IS (0.1 mM) and it remains close to 1 over a broad range of salt concentrations (Figure 1b (Table 1) . Comparing the two polystyrene particles, it is interesting that higher normalized deposition rates are observed for sPL than for cPL at most IS examined. This difference could be due to the surface properties of each model particle; according to the manufacturer, the sPL particle is hydrophobic, whereas the cPL is considered to be more hydrophilic. Thus, the higher deposition rate of the sPL particle may be linked to the hydrophobic effect. 47 In Figure 1c ,d, the deposition rates (−f 3_slope ) and the normalized retention of the coated QDs (r d /r d SL ) are presented as a function of IS. Overall, the QDs display lower −f 3_slope as compared to the polystyrene latex particles (by approximately 1 order of magnitude). We attribute these differences to steric repulsion exerted by the polymeric coatings used to functionalize the QDs. 7, 48, 49 Steric stabilization of surface-modified ENPs is well documented in the literature. 50, 51 For example, different studies using QCM-D have confirmed the efficiency of various polyelectrolytes or organic coatings in reducing the deposition rates of surface-modified zerovalent iron nanoparticles (nZVI), demonstrating the effective electrosteric stabilizing efficiency of the surface modifiers. 20, 52, 53 Moreover, others have proposed that the types of surface modifiers used to coat the QDs studied herein (namely PAA and PEG) can enhance particle stability by a mechanism of electrosteric repulsion. 38, 49 Comparison of the two QDs reveals that the deposition rate of the CdSe QD decreases as the solution IS increases, while the opposite trend is observed for the CdTe QD. Whereas the CdSe QD reaches its highest deposition rate at 0.1 mM KCl (∼12 Hz/min), the CdTe QD is at its minimum deposition rate at this condition (∼2 Hz/min) and reaches a maximum value at 30 mM IS (∼9 Hz/min). As described above for the polystyrene latex nanoparticles, the deposition behavior of the CdSe QD is in qualitative agreement with DLVO theory of colloidal stability for the deposition of a negatively charged particle on a positively charged surface. To interpret the results obtained with the CdTe QD, we must take into account that the surface coating present on this QD is an anionic polyelectrolyte (PAA) that can be strongly affected by changes in solution IS. 38, 54 At low IS, due to the strong repulsion between the anionic groups of the PAA, the coating is likely to adopt an extended conformation, resulting in considerable steric hindrance. 54 This explains the very low deposition rate measured at the lowest IS (for the CdTe QD). However, as the salt concentration increases, the intramolecular and intermolecular electrostatic repulsion between PAA molecules decreases, leading to collapse of the polyelectrolyte layer, and a decrease in the extent of steric stabilization. 54 DLS measurements of a PAA suspension confirmed the decrease in size of the free PAA molecules from 19.5 to 15.6 and 8.2 nm when the IS increased from 1 to 10, and 100 mM IS, respectively. Hence, it is likely that the greater deposition rates of the CdTe QD upon an increase in solution IS (Figure 1c ) are caused by conformational changes of the PAA coating. 38, 54 Figure 1d shows the normalized deposition rates (r d /r d SL ) for the two QDs over a range of IS. As expected, the ratio r d /r d SL for these sterically stabilized ENPs are lower than unity (r d /r d SL ∼ 0.1) and of comparable value at low IS (below 10 mM). At higher IS, the ratio r d /r d SL for the CdSe QD decreases (likely due to considerable particle aggregation), whereas r d /r d SL for the CdTe QD exhibits an increase (due to a reduction in the steric stabilization imparted by the PAA coating). These phenomena are further explained below by comparing the output parameters measured by QCM-D (i.e., frequency and dissipation).
Deposition Behavior of ENPs: Interpretation of the −D 3_slope /f 3_slope ratio. Fundamental differences between the deposition behavior of the polystyrene latex particles (governed by classical DLVO interactions) and that of the QDs (governed by steric forces imparted by surface coatings) can also be interpreted by considering the ratio of ΔD 3 to Δf 3 . The ratio of −ΔD 3 /Δf 3 is commonly employed as an indication of the rigidity of homogeneously adsorbed films, and it has, for instance, been useful to study the conformation of a pluronic polymer brush on surfaces of varying hydrophobicity. 55 Here, we present the ratio −D 3_slope /f 3_slope (equivalent to −ΔD 3 /Δf 3 during the initial deposition phase) for polystyrene latex particles (Figure 2a) and QDs (Figure 2b ) as a function of IS. For both cPL and sPL, the values of the ratio −D 3_slope / f 3_slope are below 10 −7 indicating that Sauerbrey's equation will yield an adequate estimation of the deposited mass at all conditions. The fact that the −D 3_slope /f 3_slope appears constant within the studied range of IS also suggests that both polystyrene particles form a layer that is equally rigid regardless of the salt concentration.
For the polymer-coated QDs (Figure 2b ), the experimental ratios of −D 3_slope /f 3_slope are generally near or above 1 × 10 −7
Hz
−1 (limit proposed by Q-Sense 32 ), but still below the limit of 4 × 10 −7 Hz −1 suggested by Reviakine et al. 29 This indeed suggests that although the deposition behavior of the QDs is within the limits of Sauerbrey interpretation, more energy is dissipated compared to the latex particles. Thus, based on the measured values of −D 3_slope /f 3_slope , the latex particles are more rigidly deposited than the polymer-coated QDs on the alumina surface. Interestingly, for the CdTe QD, which is the only particle displaying an increased deposition with increasing IS, the value of −D 3_slope /f 3_slope decreases almost by a factor of 10 between 0.1 and 10 mM, and then increases above this IS (Figure 2b ). The particular behavior of this QD can be attributed to the polyelectrolyte coating on the particle surface. As the IS increases from 0.1 to 10 mM, collapse of the PAA coating can result in more rigid deposition of the QD on the alumina surface which is reflected as a decrease in the ratio −D 3_slope /f 3_slope . The conformation of the PAA (e.g., loops, trains, and tails) is associated with the amount of bound water, and the ratio −ΔD 3 /Δf 3 can also be interpreted as a relative estimate of the water entrapped. 56, 57 For instance, Kontturi et al. 56 used the ratio −ΔD n /Δf n to determine whether the valence of the electrolyte added to the solution had a strong effect on the water entrapped on cationic starch adsorbed on cellulose and bare SiO 2 . Likewise, Saarinen et al. 57 reported that high dissipation values reflect thick adsorbed layers of polyelectrolyte with extended conformation of loops and tails, whereas low dissipation values were indicative of thin and rigid layers.
The ratio −D 3_slope /f 3_slope can also be used to understand the colloidal stability of ENPs upon deposition. Tellechea et al. 58 reported that the magnitude of the ratio −ΔD n /Δf n is linked to the size of individual particles attached to the surface. These researchers encountered that for liposomes and virus particles of spherical morphology and well-defined sizes (i.e., 30, 80, and 120 nm), the ratio -ΔD n /Δf n increases with particle size. In this study, all the ENPs exhibit an increase in −D 3_slope / f 3_slope upon an increase in particle size (Table 1) . For instance, the ratios for both polystyrene latex particles exhibit large error bars at the highest IS (Figure 2a ) and the ratios of the QDs also increase above 10 mM IS (Figure 2b) .
Deposition of the ENPs onto DOM-Coated Surfaces. In the second part of this study, we investigated the influence of DOM on the deposition kinetics of QDs and the polystyrene latex nanoparticles. Figure 3 illustrates the effects of water chemistry and collector surface chemistry on the deposition kinetics of ENPs. A comparison of the −f 3_slope values in the presence and absence of the different DOM reveals a dramatic reduction in the ENP deposition rates. Our results are in agreement with previous studies where the presence of DOM significantly increased the mobility of ENPs. 20, 21, 59 For instance, Franchi and O'Melia 21 observed reduced retention of sulfate latex particles in glass bead packed columns in the presence of SRHA. Likewise, in column transport studies with sandy soil, adsorption of humic acid onto the surface of 122 nm hematite particles decreased particle retention by approximately 2 orders of magnitude. 59 Similarly, in our laboratory, we observed a significant decrease in the deposition of carboxymethylcellulose-coated nZVI particles onto SiO 2 in the presence of fulvic acids and rhamnolipid. 20 Adsorbed layers of organic matter alter the collector surface charge from positive to negative (SI Table S2 ). Here, the deposition of the latex nanoparticles and the QDs are significantly impacted by the presence of SRHA, even at the highest IS (100 mM) examined. The addition of rhamnolipid at a comparable concentration has a lessened effect for the cPL and CdTe QD at high IS. Overall, the obtained results are in qualitative agreement with other studies where the deposition of ENPs onto surfaces precoated with DOM has been examined using the QCM-D. 23 , 24 Chen and Elimelech 23 showed that the deposition rate of fullerenes in monovalent salt (NaCl at pH 5.5) was significantly hindered (up to 1 order of magnitude) on surfaces coated with SRHA and alginates. Jiang et al. 24 studied the deposition behavior of ZnO nanoparticles in NaCl (pH 7.8) onto SRHA-coated surfaces with similar results. In both studies, the hindered particle deposition was attributed to the additional electrostatic contribution exerted by the SRHA and alginate coatings (as both the nanoparticles and collectors were more negatively charged), yet it was suggested that steric repulsion also played an important role.
Analysis of the −D 3_slope /f 3_slope ratio for experiments conducted using DOM-coated alumina reveal some larger values of the ratio than those obtained on bare Al 2 O 3 (SI Figure  S4 ). This is indicative of an even more hydrated interface between the particles and DOM-coated surface. Under certain conditions assessed in this study for the deposition of ENPs onto DOM-coated surfaces, the −D 3_slope /f 3_slope ratios are exceptionally high, that is, above the Sauerbrey limits. In such circumstances, the acquired frequency shifts are not necessarily proportional to the deposited mass, and a combination of QCM and optical techniques (ellipsometry, reflectometry) is required for a more accurate analysis of nanoparticle deposition. 29, 60 Environmental Implications. A clear understanding of the principles controlling ENP deposition is needed to predict their transport and fate in subsurface environments and in water filtration processes. This study shows how QCM-D can be used to increase our knowledge of the roles that particle and collector surface coatings and water chemistry play in the transport and fate of ENPs in natural and engineered aquatic environments. The initial deposition rate of the studied ENPs is affected by changes in the solution chemistry (e.g., IS, presence of DOM), although this behavior is highly dependent on the surface coating of the ENP.
This study focused on the initial particle deposition behavior of selected ENPs onto particle-free collector surfaces. Careful inspection of the QCM-D measurements (e.g., SI Figure S5 ) reveals that the ENP deposition rates (values of −f 3_slope ) decrease with time as available sites for deposition are filled. For all ENPs, the maximum particle deposition rate is observed within the first ∼1 min of the QCM-D experiment and decreases rapidly with time due to "blocking" of the collector surface by previously deposited particles. 61, 62 This timedependent change in the ENP deposition rate will also be affected by the nature of the surface and particle coatings as well as water chemistry. Indeed, the data in SI Figure S5 show that the rate of decrease of the ENP deposition rates (i.e., the shape of the decay curve) varies for the different ENPs. Additional studies aimed at better understanding the variability in ENP deposition behavior with time under different environmental conditions will provide important insight into their potential fate in granular aquatic environments.
Our results demonstrate that surface modified QDs can exhibit significantly lower deposition rates onto Al 2 O 3 than model polystyrene latex nanoparticles. Moreover, our data suggest that DOM coatings (either SRHA or rhamnolipids) cause charge reversal of the Al 2 O 3 collector surface and add an additional electrosteric barrier which further decreases the retention of all ENPs examined. Consequently, since DOM are abundant in nature, and because several ENPs (in addition to QDs) are stabilized with polymeric coatings, positively charged patches present on the surface of collector grains in the natural subsurface or in granular filters may not necessarily present favorable sites for ENP deposition. 10, 27 Hence, predictions of ENP transport potential in natural or engineered aquatic environments that are based on data collected in the absence of DOM may considerably underestimate ENP mobility. Moreover, future studies should explore other types of DOM since specific interactions between different DOM and surfacemodified ENPs or collector surfaces might occur. 16 These transformations will result in variations in the physicochemical properties of particles and collectors, and can significantly impact ENP transport and fate in aquatic environments.
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